Many different species of gram-negative bacteria are associated with infection in the lung, causing exacerbations of chronic obstructive pulmonary disease, cystic fibrosis (CF), and ventilator-associated pneumonias. These airway pathogens must adapt to common host clearance mechanisms that include killing by antimicrobial peptides, antibiotics, oxidative stress, and phagocytosis by leukocytes. Bacterial adaptation to the host is often evident phenotypically, with increased extracellular polysaccharide production characteristic of some biofilm-associated organisms. Given the relatively limited repertoire of bacterial strategies to elude airway defenses, it seems likely that organisms sharing the same ecological niche might also share common strategies to persistently infect the lung. In this review, we will highlight some of the major factors responsible for the adaptation of Pseudomonas aeruginosa to the lung, addressing how growth in biofilms enables persistent infection, relevant to, but not limited to, the pathogenesis of infection in CF. In contrast, we will discuss how carbapenem-resistant Klebsiella pneumoniae evade immune clearance, an organism often associated with ventilator-associated pneumonia and health-care-acquired pneumonias, but not a typical pathogen in CF.
Interactions of bacterial pathogens and innate immune signaling have been well studied but not fully understood in cystic fibrosis (CF) [1] . CF is a genetic disease initially linked to the Caucasian population and now recognized in recent studies in much of the rest of the world population [2] [3] [4] [5] . CF is produced by mutations in the CF transmembrane conductance regulator (CFTR), a chloride channel at the surface of epithelial and immune cells [1] . As hydration and mucin viscosity in the airways is dependent on the ionic equilibrium across the epithelial barrier, lack of CFTR function reduces airway mucus fluidity, trapping inhaled bacteria [6] . Although CFTR mutations also have negative effects on the function of other organs, such as the pancreas, CF patients receiving nutritional supplementation are able to manage these limitations [7] . However, the inflammation and chronic infection associated with CF lung disease limits quality of life and ultimately longevity [8] .
During childhood, most CF patients are colonized by both P. aeruginosa and Staphylococcus aureus. However, later in adulthood, the primary pathogen causing pulmonary infection in CF is Pseudomonas [1] . Many studies have addressed why P. aeruginosa is the major pathogen in CF. The most commonly accepted hypothesis suggests that physiological abnormalities linked to CFTR mutations confer advantages to P. aeruginosa over others pathogens. These advantages include mucus viscosity, excessive production of reactive oxygen species (ROS), impaired autophagy, reduced airway acidity, and accumulation of ceramides, all factors that contribute to the genomic and metabolic plasticity of P. aeruginosa and its ability to colonize the airways [9] . Whether the exaggerated inflammatory response seen in CF facilitates the colonization and then chronicity of P. aeruginosa infection over other bacteria is not well understood, although recent findings suggest that mutant CFTR directly influences inflammatory signaling, and this favors P. aeruginosa over other respiratory pathogens, such as S. aureus and K. pneumoniae [10] .
In this work, we review the recent literature detailing how P. aeruginosa adapts to the CF lung through interactions with host immunity and the metabolic environment of the airways. We also highlight how the mechanisms of patho-adaptation that are operative for P. aeruginosa are conserved among lung pathogens by reviewing the pathways by which K. pneumoniae, another clinically relevant multidrug-resistant (MDR) gram-negative pathogen, causes airway invasion.
P. aeruginosa Adaptation to the Airways through Biofilm Formation
Biofilm formation is a highly conserved mechanism of bacterial adaptation, which has been well studied in the setting of CF, and endovascular and foreign body infections, and common mechanisms pertain to many clinical settings. P. aeruginosa responds to a surface through the activation of WspR and the cyclic (c)-di-GMP cascade [11] [12] [13] (Fig. 1) . The c-di-GMP cascade controls expression of over 500 genes [11, 14] . Initial probiofilm stimuli can be chemotactic or metabolic. These include operons that regulate twitching motility through the upregulated expression of type IV pili, as well as by decreasing swimming motility through suppression of flagellin gene expression. WspR signaling is critical in the expression of pslA and pelA, genes that encode the structural components that lead to biofilm formation [15] (Fig. 1a, b) . In the process of pulmonary colonization and chronic infection, there is selection for both small colony variants and mucoid variants. Organisms generally produce either a Pel or Psl predominant biofilm [16] . The Pel-directed biofilm, which refers to the formation of Pseudomonas pellicles on the surface of cultures, is a polymer of N-acetyl-galactosamine and Nacetyl-glucosamine [15, 17] . The Psl operon results in the formation of a biofilm matrix composed of mannose, rhamnose, and glucose [15, 18] . P. aeruginosa can also become mucoid, a property conferred by the activation of the alg operon, which in the presence of the mucA mutation activates gene expression to cause production of copious extracellular polysaccharides composed of repeating subunits of guluronic and mannuric acids [19, 20] . Mucoid phenotypes are related with infectious chronicity [21] . Pseudonomas aeruginosa biofilm production and interactions with host immunity. a Airway epithelial cells contact P. aeruginosa during infection triggering chemotactic signaling and biofilm production. Polysaccharide structures generated by bacterial metabolism are anchored to the extracellular matrix of these cells. b P. aeruginosa metabolic pathways provide biofilm components. Intracellular pathways that direct the metabolism of glucose (green arrows) through the Entner-Doudoroff (central loci zwf and glk) and glyoxylate shunt (mediated by aceA and glcB) pathways. Glucose flux through these pathways allows the production of carbohydrates that form extracellular polysaccharides for the attachment to the airway cells. Upon contact with the host cell, surface recognition and activation of WspR and cyclic (c)-di-GMP production (red arrows) result in stimulation of lasR and rhlR loci and production of PslA and PelA, which support formation of extracellular polysaccharides. c-di-GMP coordinates biofilm formation and bacterial motility, switching from flagellar-to a pilusdependent twitching motility through activation of the PiY1/ chpAK complex. Both endogenous/exogenous reactive oxygen species (ROS) sources and catabolite repressor succinate collaborate in the synthesis of c-di-GMP. Intracellular ROS and redox balance are regulated by NADPH generated by zwf activity. c P. aeruginosa interaction with host immunity. Pathogen-associated molecular patterns, such as lipopolysaccharide (LPS), flagella, pilus, or type three secretion system components (TTSS), activate proinflammatory surface receptors in immune cells. Both TLR4/ MD2-LPS and TLR5-flagella surface interactions trigger activation of transcription factor NF-κB and mitochondrial destabilization (purple arrows). NF-κB induces production and secretion of inflammatory cytokines, such as IL-6 and IL-8. Mitochondrial collapse is accompanied by accumulation of ROS and succinate release and hypoxia-induced factor-1α (HIF1α) stabilization, which acts as a transcription factor that mediates production of pro-IL-1β (black arrows). Pro-IL-1β is cleaved to its mature form by caspase-1 produced by three different inflammasome systems: (1) NAIP/NLRC4/ASC activated by cytoplasmic uptake of flagellin; (2) NLRP3/ASC activated by cytoplasmic uptake of LPS; and (3) pilin secreted by P. aeruginosa. 
Biofilms and Oxidant Stress
Several stimuli for the production of such biofilms have been proposed, most importantly oxidant stress. It is apparent that endogenous oxidant stress is sufficient, as organisms exposed to H 2 O 2 spin off mucoid variants in vitro [22] , a process that is blocked in the presence of an antioxidant such as N-acetyl cysteine. The extracellular polysaccharides themselves can also contribute to protection from ROS [16] . In addition to the oxidant stress generated by bacterial metabolism, which for P. aeruginosa is preferentially oxidative, there are numerous sources of oxidant stress in vivo. In a clinical setting such as CF, organisms are continually exposed to antimicrobial agents, which, despite their specific bacterial targets, wind up killing through the production of toxic oxidants [23] . Low-level exposure to aminoglycosides, as well as the fluoroquinolones that induce DNA damage, presents a major inducer of oxidant stress within the bacteria and inhibits bacterial growth. The recruitment of immune cells and their release of oxidants, such a mitochondrialrelated anion superoxide (O 2 -) are highly toxic oxidants as well. The organisms isolated from clinical settings often have upregulated expression of DNA repair mechanisms and are observed to have increased mutation rates in response to oxidant stress encountered from the host response.
Bacterial metabolism must be very significantly altered to support the bioenergetic demands of biofilm formation. This adaptation has been termed "metabolic adaptation" [24, 25] . The metabolic changes provide a mechanism to diminish oxidant production and to enhance the production of NADPH, which promotes the formation of antioxidants, as opposed to NADH, which is prooxidant. This can be accomplished through increased EntnerDoudoroff activity, a catabolic route for glucose, which increases NADPH production and diverts the energetic program away from ATP generation through the more oxidant tricarboxylic acid (TCA) cycle activity [26] . In order to optimize extensive polysaccharide production, key components of the alginate and/or biofilm matrix, metabolic adaptation can also be associated with increased use of the glyoxylate shunt to generate even more carbohydrate substrates [27] . Thus, the generation of extracellular polysaccharide matrices may well be primarily a response to oxidant stress encountered in vivo.
c-di-GMP signaling also results in the suppression of motility, and, with it, decreased expression of gene products that can activate inflammasomes including flagellin [14] . In addition, there is suppression of the type three secretion system (TTSS) components which activate the inflammasome. TTSS toxins themselves alter the integrity of the epithelial tight junctions [28] and cause widespread damage in the lung through a patatin-like activity [29, 30] . The consequences of this global downregulation of immunostimulatory activity have been interpreted as a mechanism to avoid immune clearance.
Biofilms and Innate Immune Clearance Mechanisms
The major driving force for biofilm formation in vivo has been thought to be resistance to innate immune clearance. The biofilm community, overall, affords physical protection to a substantial amount of the biomass, as the organisms are protected from phagocytes, antibody, and complement [16] . The biomass also provides a diversity of microenvironments exposed to different levels of oxygenation and nutrients, diversity that overall may enhance the viability of the biofilm community. In vitro studies are less clear-cut. The extracellular polysaccharides associated with biofilms do not appear to constitute a significant barrier to antimicrobial penetration [31] , as they form a loose polysaccharide mesh. Depending upon the nature of the biofilm matrix, whether formed of alginate, or PelA or PslA polymers, there may or may not be an effect of charge on antibiotic diffusion.
Whether biofilms arise as a response to phagocytic clearance is not definitively established. While the prevailing dogma suggests that mucoid or biofilm-producing P. aeruginosa are "resistant" to phagocytic clearance, supporting data are limited, although there are few, if any, murine model systems that faithfully reproduce what happens in humans. Moreover, confusion as to the predominance of the Pel or Psl biofilm components, as opposed to the production of alginate, has made interpretation of the importance of each of these genes in pathogenesis difficult [15, 17] . Models of infection performed with P. aeruginosa mutants lacking specific biofilm components and/or the ability to produce alginate reflect the relative contribution of these extracellular polysaccharides to the pathogenesis of pulmonary infection [32] . While an immunostimulatory activity and complement resistance could be ascribed to the expression of Pel, a mucoid strain expressing Pel was readily cleared from the murine lung in an acute infection model, suggesting that phagocytic clearance is not at all adversely affected by the presence of these extracellular polysaccharides [32] . While the presence of alginate or biofilm-specific antibodies to promote clearance of these strains has been pro-
posed, experiments done in infection-naïve mice indicate that this is not the case, at least in the murine model.
The ability to proliferate in both planktonic as well as biofilm modes of growth is undoubtedly a major factor in the success of P. aeruginosa as an opportunistic pathogen. While it is unclear exactly how the bacterial population shifts to biofilm formation in vivo, it seems likely that some critical number of organisms must reach the epithelial surface to activate the bacterial chemosensors that would initiate c-di-GMP signaling and biofilm formation [14] . The planktonic organisms that are presumably the initial sources of infection are generally motile, express immunostimulatory lipopolysaccharide (LPS) and other pathogen-associated molecular patterns (PAMPs) and should activate the numerous protective responses in the airways. Thus, the infecting organisms must have specific mechanisms to evade this initial innate immune response.
P. aeruginosa Resistance to Antimicrobial Peptides
The airway epithelium, through the effects of IL-22 and other cytokines and interferons, produces a large number of antimicrobial peptides [33] . Many organisms, including P. aeruginosa, are able to undergo mutation to acquire resistance to antimicrobial peptides, which would enhance their ability to persistently infect epithelial surfaces. An important site of P. aeruginosa infection is the eye, where these organisms are an important cause of keratitis [34, 35] . A major therapeutic strategy against these biofilm infections is the development of optimized antimicrobial peptides delivered topically [36] . There is substantial interest in the development of more active antimicrobial peptides that could be used topically to treat organisms growing at various anatomical sites, whether in a planktonic or biofilm format.
Resistance to Inflammasome-Mediated Clearance P. aeruginosa can be especially virulent pathogens, expressing potent toxins, both proteases and the more complex TTSS that target specific eukaryotic receptors [37] . They express multiple PAMPs associated with the activation of inflammasomes (Fig. 1c) : intracellular flagellin can be detected by the NLRC4/NAIP-dependent inflammasome, which causes caspase-1 maturation and pro-IL-1β cleavage, producing its secretion [38] [39] [40] . Flagellin can also activate surface TLR5 receptors to induce NF-κB-dependent inflammation [41] . LPS, which is recognized by the TLR4/MD2 surface complex, triggers NLRP3/ ASC-dependent inflammasome activation and cleavage of caspase-1, which processes pro-IL-1β into mature IL-1β [38, 39] . Surface TLR4/MD2 engagement also primes NF-κB signaling [42] . Intracellular LPS can be recognized by procaspase-11 (mouse) or procaspase-4 to -5 (in humans) and mount the noncanonical NLRP3/ASC inflammasome response to produce and secrete more IL-1β [38] . The type IV pilus-derived pilin, which directly activates caspase-1 without priming either NLRC4, NLRP3, or ASC, causes pro-IL-1β cleavage and its secretion [43] . As noted above, the switch to a biofilm mode of growth through the induction of c-di-GMP signaling limits the expression of PAMPs such as flagellin or PcrV, both NLRC4/NAIP inflammasome activators. This diminished expression of PAMPs is usually interpreted as bacterial strategy to avoid the activation of the inflammasome and resulting production of IL-1β and recruitment of phagocytes [28, 44] . However, several studies fail to demonstrate that inflammasome activation promotes P. aeruginosa clearance [39, 40, 45] . Mice lacking inflammasome components, or those that had been treated with anakinra, which blocks IL-1 signaling, in fact had significantly increased ability to clear P. aeruginosa [39] . These studies do not support the hypothesis that decreased expression of PAMPs is a bacterial mechanism to increase survival within the lung by limiting inflammation. It is suggested that the intense proinflammatory response elicited by the NLRC4-NLRP3 inflammasomes actually interferes with bacterial clearance, such as by activating autophagy-mediated P. aeruginosa protection inside macrophages [46] , although other effects of inflammasome activation on the local milieu may also be involved. In addition, these studies do not take into consideration whether the same properties play a role in the clearance or conservation of long-term strains that cause chronic infections, which due to their adaptation and reduction of immunogenicity must use other mechanisms to enhance their survival.
Host Immunity and Catabolite Repression-Mediated Biofilm Production
Catabolite repression is a signaling pathway present in several pathogens, which in P. aeruginosa is mediated by the crc locus [47] stricts glucose and other nutrient utilization, such as amino acids and mannitol, committing P. aeruginosa metabolism to the TCA cycle to generate energy, as opposed to the bioenergetically more favorable Entner-Doudoroff and glyoxylate shunt pathways [48, 49] . Indeed, zwf, the gene that codes for the glucose 6-phosphate dehydrogenase enzyme (G6PDH) and that initiates the EntnerDoudoroff and pentose phosphate pathway, is negatively regulated by crc [47, 50] . Lack of zwf signaling compromises the production of NADPH, the antioxidant molecule in charge of controlling excessive endogenous and exogenous ROS [26, 50] . Catabolite repression through Crc increases the accumulation of intracellular oxidative species, which, in addition to the ROS produced by the TCA cycle operation, boosts the probability of damaging DNA [22, 51] . As defenses against free radicals and ROS require upregulation of intracellular signaling such as zwf, selection of mutants that fulfill these requirements also promotes the generation of a biofilm lifestyle.
Acute pneumonia causes enormous airway damage, allowing cells leaking out their cytoplasmic contents. Many inflammatory reactions, such as the inflammasome, activate pyroptosis and cell death with the release of intracellular contents [52] . These host-derived nutrients become available for Pseudomonas during acute pneumonia. Yet, the impact of these carbon sources on bacterial metabolism and pathogenicity remains to be established, influencing the predominance of glucose-or amino-acid-based metabolism of P. aeruginosa. Utilization of substrates for the TCA cycle and endogenous ROS production could promote the selection of mutants adapted to the newly available nutrients [22] . This ROSmediated selection of oxidant-friendly clones and biofilm production is further supported by studies showing that either scavenging ROS with N-acetyl-L-cysteine [53] or deleting the crc locus [47] , which primes c-di-GMP synthesis, modulates pilin formation and results in biofilm disruption [14] . Thus, organisms such as P. aeruginosa can readily alter their metabolism to a particular environment, even in the presence of recruited immune cells and phagocytes.
Augmented expression of Entner-Doudoroff (zwf) and glyoxylate shunt (aceA and glcB) regulatory genes in mucoid CF-related P. aeruginosa has been reported [54] [55] [56] , which conferred advantages for sputum-mediated clearance. Of interest, zwf, aceA, and glcB were constitutively upregulated in mucoid CF isolates, suggesting that adaptation in late-stage CF may include the rewiring of the regulatory networks that control preferential use of metabolites. Whether defense against host immune clearance is increased by altered use of these metabolic pathways is not established; it is clear that the biofilm lifestyle acquired by chronic strains along their transformation into the mucoid phenotype is in response to the hostile surroundings produced by both the host and the bacterial metabolism itself.
Overall, despite decades of research using clinical isolates as well as many different in vivo and in vitro models, exactly how P. aeruginosa adapts to the milieu of the airways and overcomes innate immune clearance at other sites remains incompletely understood. Ongoing analyses of whole-genome sequencing data might provide a more encompassing view of the overall adaptive process, with the airway surface, the production of biofilms, and their interaction with the host immunity. The adaptive responses to common innate immune clearance mechanisms exploited by opportunistic bacteria are predicted to be similar. The opportunistic gram-negative bacterial genomes would be thought to have roughly the same repertoire of genes and metabolic capabilities. These organisms must all adapt to the same innate immune effectors, antimicrobial peptides, phagocytes, and oxidant stress. Nonetheless, it appears that there may be highly speciesspecific strategies employed by different pathogens, particularly in the setting of pneumonia.
K. pneumoniae Resistance to Innate Immune Clearance
P. aeruginosa and K. pneumoniae share a common ecological niche as major causes of health-care-associated infections, particularly pneumonia and sepsis [57] . As gram-negative pathogens with the ability to acquire exogenous DNA to confer antibiotic resistance, both can adapt to the milieu of human airways. K. pneumoniae in general produces extracellular polysaccharides that are associated with human colonization [58] . K. pneumoniae strains are relatively heterogeneous, with different phenotypes and genotypes associated with infection. Whereas the typical virulent serotypes, as typified by ATCC 43816 (KPPR1), have been widely studied, the carbapenem-resistant ST258 isolates, while less immunostimulatory in murine models, are increasingly prevalent and are associated with high rates of morbidity and mortality in humans [59] . Most notorious are the hypermucovirulent isolates often associated with liver abscess formation that are important causes of sepsis but in relatively limited geographic locales [60] . Carbapenem-resistant (CRKP) and even colistin-resistant strains have become more DOI: 10.1159/000487515 endemic, colonizing healthy humans [61] . As an opportunist, these MDR organisms can cause severe disease that is often difficult to treat, associated with persistent bacteremia and high mortality, and disproportionately affecting patients with comorbidities and critical illness (> 50%) [62] .
K. pneumoniae Surface Structures Important in Pathogenesis: Production of Biofilm and Fimbriae
Biofilm formation is a major characteristic of K. pneumoniae strains, seen especially in MDR and extensively drug-resistant isolates [63] (Fig. 2a) . Mechanisms of biofilm formation such as c-di-GMP network regulation are common to gram-negative organisms, while capsular protein variability is unique to K. pneumoniae. Across characterized isolates, fimbriae and capsular protein are variably expressed reflecting their genetic diversity and differing contributions to pathogenicity [63, 64] . Like P. aeruginosa, K. pneumoniae utilizes c-di-GMP, a critical second messenger restricted to bacterial metabolism [65] , to regulate type 1 and 3 fimbrial production and subsequent biofilm formation. Redundant and conserved components of the c-di-GMP network are found across clinical isolates of K. pneumoniae suggesting that c-di-GMP regulation plays a major role in virulence and/or colonization [66] . This has been corroborated in murine models of K. pneumoniae infection with levels of c-di-GMP influencing the extent of pathology. Elevated c-di-GMP levels are associated with attenuated lung pathology and inflammation but increased fimbrial production [67] . Increased expression of fimbriae has been observed in the organisms that express the extended-spectrum β-lactamase (ESBL) [68] likely contributing to their ability to cause infection.
The major function of K. pneumoniae fimbriae is to mediate attachment to the surfaces, a critical property of biofilm formation on biotic and abiotic surfaces [69, 70] . As this is a critical component in pathogenesis, fimbrial biogenesis has been considered a potential target to interrupt K. pneumoniae biofilm formation. The regulation of type 3 fimbrial production in K. pneumoniae by c-di-GMP has been well studied. MrkH acts as the upstream regulator of the mrkABCDF operon [71] to increase c-di-GMP-dependent expression of mrkHI and resulting biofilm formation [72, 73] . This c-di-GMPdependent process leads to increased amounts of polymerized fimbrial shaft (MrkA) and fimbrial adhesion protein (MrkD) [73, 74] . These purified fimbrial proteins (MrkD) are a potential antigen for vaccine development [75] given the protective immunity conferred by their immunogenicity [76] . A downstream regulator of type 3 fimbrial expression, MrkJ, is a phosphodiesterase that reduces c-di-GMP levels to suppress fimbrial expression and subsequent biofilm formation [77] . Modulation of the c-di-GMP system could possibly enhance clearance in the chronically colonized host [78] but could also lead to increased inflammation leading to worse clinical outcomes [67] .
Iron Scavenging and K. pneumoniae
A mechanism for iron acquisition is another shared property of K. pneumoniae and P. aeruginosa. For both pathogens, the presence of human lactoferrin in the airways interferes with biofilm formation [79, 80] . For K. pneumoniae, the production of several siderophores, including enterobactin (Ent+) and yersinobactin (Ybt+), provides a mechanism to compete for iron. Siderophores contribute significantly to the success of K. pneumoniae as a pathogen given the overrepresentation of organisms with increased expression of the major K. pneumoniae siderophores, the Ent + Ybt + isolates, in the ST258 clade [81] . As a scavenger of iron, lactoferrin is a potential therapeutic that will inhibit the growth of K. pneumoniae [80] . However, the expression of capsular protein (cps) also plays a role in limiting interactions of the lactoferrin and the bacterial surface restricting its effect [82] .
Emergence of Hypervirulent K. pneumoniae
While the production of extracellular polysaccharides and proteins is a general feature of K. pneumoniae isolates, a subgroup of "hypervirulent" (hvKP) strains produce huge amounts of extracellular material [83] . This Klebsiella has been typically associated with bloodstream infections and liver abscesses leading to high mortality [84] . The epidemiology of the hypermucovirulent isolates and their related resistance mechanisms have been recently reviewed [85] . These organisms are usually of the capsular type K2, and whole-genome sequencing suggests several unique loci, distinct from those of other pathogenic K. pneumoniae strains [86] . In murine models, they cause lethality at 10 2 cfu inocula, which is in stark contrast to previously characterized CRKP isolates that require inocula 5-6 orders of magnitude to cause illness in murine models [87, 88] . rmpA mutations are thought to be responsible for the hypermucoviscous phenotype by increasing expression of capsular protein and thereby biofilm formation [89, 90] .
Recent ST11 isolates of K. pneumoniae isolated from patients with ventilator-associated pneumonia have the hypervirulent phenotype and are also carbapenem resistant [91] . This alarming development is not unexpected given the proclivity of Klebsiella for acquiring extracellular DNA, and the hypervirulent phenotype is associated with the acquisition of a 170-kbp plasmid [91] . These strains have also been isolated from patients without predisposing conditions [61] . The acquisition of colistin resistance in these hypervirulent strains has also been reported, which appears to generate a fitness cost [60] . In vitro studies of both antibiotic-resistant and -susceptible K. pneumoniae strains indicate that, like P. aeruginosa, the organisms tend to revert to the biofilm mode of growth in stressful laboratory conditions [92] , suggesting a common bacterial response to the oxidant stress of human airways and the resulting immune response.
K. pneumoniae Evasion of Host Immune Clearance
The genetic flexibility of K. pneumoniae that has enabled their acquisition of antimicrobial resistance determinants [93] has also contributed to resistance to innate immune clearance (Fig. 2b) . Transcriptomic analyses suggest that organisms that have acquired carbapenem resistance in vivo have a significantly altered pattern of gene expression [60] . The role of immune cells in the clearance of K. pneumoniae infection in the lung has been well characterized with the laboratory reference strain DOI: 10.1159/000487515 ATCC 43816 (KPPR1) recently reviewed [94] . However, current clinical isolates including the carbapenem-resistant ST258 clones [93] and the hvKP have many other genotypic and phenotypic changes.
Surface Properties of K. pneumoniae and Immune Recognition
Modification of surface PAMPs and capsular material is a well-recognized mechanism of immune evasion in Klebsiella. Sialic acid, a common feature of eukaryotic cell glycoproteins, is abundant in the expression of capsular protein of K. pneumoniae K1 isolates [95] . Sialic acid contributes to the hypermucovicous phenotype and directly impedes interaction with and uptake by immune cells. Indirectly, binding of sialic acid to Siglec-9 on the surface of neutrophils interferes with neutrophil bactericidal activity [95] . On the other hand, other cell surface moieties, such as mannose residues, enhance the recognition of these organisms by immune cells [68, 96] .
The modification of LPS is another widely conserved target for immune adaptation in many gram-negative organisms. This is an especially important site of mutation in the Klebsiella isolates with resistance to colistin, an antimicrobial that specifically targets the lipid A moiety of LPS. The colistin-resistant K. pneumoniae strains have altered LPS structures that limit the binding of the drug to the bacterial membrane [97] . Recent characterization of LPS from infected patients showed the rapid acquisition of genomic-and plasmid-mediated mutations, leading to alterations in the composition of lipid A and colistin resistance [98] . Perhaps the most concerning of these genetic elements is the emergence of the mobilized colistin resistance (mcr-1), a mobile plasmid rapidly shared amongst all members of the Enterobacteriaceae [99] . Whether or not these mutations carry a high fitness cost is not well established in humans. In a Galleria mellonella infection model, MCR-1-mediated resistance was associated with decreased fitness and attenuated cytokine production [100] . How the alterations in the structure of LPS affect immune cell recognition and subsequent immunogenicity has not been published to date.
K. pneumoniae Resistance to Phagocytic Killing
A major factor in the pathogenesis of K. pneumoniae infections that is replicated in murine models is the remarkable resistance of these organisms, particularly the carbapenem-resistant K. pneumoniae to phagocytic clearance. The exact mechanism by which these CRKP isolates avoid intracellular killing, particularly by neutrophils, has yet to be elucidated. In vitro studies have established that ST258 isolates, in contrast to the KPPR1 strain, are resistant to neutrophil killing ex vivo [101, 102] . Differences in the production of respiratory burst and ROS generation [103, 104] have been observed; however, no specific bacterial genes have been identified that correlate with this phenotype. The mechanisms appear to involve resistance to Ca 2+ -dependent killing [102] . It is clear that neutrophils and/or monocytes are critical to the host in clearance of ST258 isolates, as mice treated with anti-Ly6G antibodies have increased bacterial burden [102, 105] . One recent study utilized an anti-LPS-O-antigen antibody to increase opsonophagocytic killing capacity of neutrophils without loss of TLR4 signaling, likely from enhanced bacterial recognition by neutrophils [106] . However, this may not be universal as the ST258 isolates appear to be readily phagocytosed [87] but not killed [102] , suggesting a mechanism by which intracellular killing processes are inhibited.
Responses of Macrophages and Monocytes to K. pneumoniae Infection
In addition to the limited killing capacity of neutrophils, in vivo the CRKP isolates have acquired additional mechanisms to thwart phagocytic clearance. Alveolar macrophages, the resident responders to pathogens in the airways, are critical to the clearance of K. pneumoniae pneumonia [107, 108] . The activation state and polarization of these macrophages are important in this process, as macrophages in the M2b or anti-inflammatory state were more susceptible to infection [109, 110] . Treating mice with GM-CSF to polarize macrophages to an inflammatory phenotype appeared to improve bacterial clearance [111] . However, a recent study with a CRKP isolate found that the removal of alveolar macrophages with clodronate liposomes does not change bacterial clearance [102] . Therefore, the role of resident alveolar macrophages in pulmonary infection with CRKP isolates of K. pneumoniae may be less essential.
Some studies with the classic K. pneumoniae KPPR1 have highlighted the key role of recruited monocytes in the pathogenesis of K. pneumoniae pneumonia [62, 112] . The function of monocytes in response to infection with the genetically and phenotypically diverse CRKP isolates is less clear. Monocyte-derived suppressor cell recruit-J Innate Immun 2018;10:442-454 DOI: 10.1159/000487515 ment has been identified as an important component in the resolution phase of K. pneumoniae KPPR1 infection [113] . These cells function in the clearance of infected and apoptotic neutrophils in an IL-10-dependent manner. However, the premature influx of these immunosuppressive monocytes (Ly6C+) in ST258 K. pneumoniae pneumonia interfered with neutrophil function and contributed to persistent infection [102] . Other groups have shown the central role of these Ly6C monocytes in the coordination and activation of Th17 cells in response to infection [114] . Subsequent bacterial clearance was dependent on the activation of these cells via the production of intracellular ROS. These discordant findings can most likely be explained by the observation that mononuclear cells infected with isolates from different clonal lineages of ST258 induced variable levels of Th17 expression in exposed T cells [115] . Again, these findings provide yet another example of the variability in the phenotype of these highly genetically variable organisms.
Conclusions
The success of certain gram-negative bacteria as human pathogens is due mainly to the genetic flexibility of these organisms, as they adapt to the milieu of the human airways and other sites of infection. Both K. pneumoniae and P. aeruginosa use c-di GMP signaling to assume the biofilm lifestyle which provides protection from phagocytes, antibiotic exposure, and oxidant stress. The biomass of the biofilm provides a sufficient population to support mutation in response to antibiotic and innate immune selective pressures. These pathogens, such as in the case of K. pneumoniae, also readily acquire exogenous DNA conferring many important phenotypes relevant to human disease, including both colistin resistance and the hypervirulent phenotype. The use of whole-genome sequencing highlights the substantial diversity of clinically prevalent isolates but may also lead to the identification of shared targets in both of these species, which could be exploited therapeutically.
The presence of different metabolites in the airways and their influence on the adaptive programs required to produce biofilm is less well understood. Whereas the consumption of glucose and synthesis of polysaccharides to construct the extracellular matrix is well accepted, utilization of keto acids or amino acids secreted by host cells is not established. As they may help "turning on" the switch of adaptation, they also arise as possible targets for therapy. There are scattered reports supporting this hypothesis; the use of specific carbon substrates to deregulate biofilm production is attractive as an alternative to antibiotics. Future research must also focus on comprehensive analyses of bacterial metabolomics to better understand the biochemistry behind host-pathogen adaptation and identify metabolic targets to disrupt bacterial colonization.
